With the performance of millimeter wave security screening imagers improving (reduced speckle, greater sensitivity, and better spatial resolution) attention is turning to identification of anomalies which appear on the human body. Key to this identification is the understanding of how the emissive and reflective properties vary over the human body and between different categories of people, defined by age and gender for example. As the interaction of millimetre waves with the human body is only a fraction of a millimetre into the skin, precise measurement of the emission and reflection of this radiation will allow comparisons with the norm for that region of the body and person category. On an automated basis at security screening portals, this will increase detection probabilities and reduce false alarm rates, ensuring high throughputs at entrances to future airport departure lounges and transport networks.
INTRODUCTION
As passive millimetre wave imaging is free from artefacts such as speckle and sensitivity to the alignment, it provides a means to screen people for concealed threats through the clothing down to the skin, for all regions of the human body [1] . In this paper, attention is turning to identification of anomalies, which appear on the human body and can be identified by measuring the signature of the human skin at the millimeter wave frequency band. Measurement and validation of the emissivity of human skin at MMW frequency bands is an essential requirement, to help assess the feasibility of increasing the detection probabilities and reducing the false alarm rate when screening at entrances to airport departures areas. The main advantages of the passive millimeter wave imaging system are: 1) human skin signature can be measured without exposing the human body to any type of radiation, 2) radiometric sensitivity is sufficient to sense different surfaces attached to the human skin such as liquid and metallic objects, and 3) the measurements and processing of data can be made in tens of seconds by using a non-contact sensor with high precision in which this will minimise the systematic uncertainty. 
THE SYSTEM

Experimental setup
A radiometer sensitive over the frequency band 80-100 GHz was used for measuring the human skin emissivity in vivo. The experimental setup for measurement comprises; a horn antenna connected to a radiometer that consists of a twostage low-noise amplifier (LNA), zero bias detector and buffer amplifier. The radiometer is connected through coaxial cable to a digital voltmeter and through wires to a DC power supply, as illustrated in Figure 1 . The horn antenna has a rectangular aperture (30x25 mm   2 ) and a nominal gain of 20 dBi over the frequency band (80-100) GHz. 
Radiometric calibration and testing
The radiometer was calibrated using liquid nitrogen and ambient temperature sources, as illustrated in Figure 2 . The horn antenna of the radiometer may be placed at distance (~ 5.0 cm) from two different radiation sources located in the same plane: "Hot" black body (ambient temperature source calibration). A piece of carbon loaded foam absorber with TH=Tambient =293 K, and "Cold" black body (liquid nitrogen source calibration). A piece of carbon loaded foam absorber was dipped in liquid nitrogen at TC= 77 K. The cold load calibration measurements were taken within 5 seconds or less before the liquid nitrogen evaporates. Foam absorbers had a rectangular shape and emissivity values greater than 0.99 over the frequency band 80-100 GHz, thus they behave as good approximations to a black body emitter. The difference in temperature between the hot and the cold load is ~216 K. This large difference is important to provide an accurate calibration. The calibration Y-factor, defined as the ratio of receiver output when measuring the hot black body source, to that measuring the cold source was 1.408. This gives a receiver noise temperature of 453.7 K and noise figure of 2.55. These measurements were taken from ten separate experiments and at each experiment, the calibration measurements were repeated 5-10 times so the device was stable and the measurements were consistent. The amount of self-emission reflected back from subjects was investigated by moving a metal plate in a distance 1.0 cm from the horn antenna beam. The mean level of self-emission reflected back from the metal plate (100% reflective surface) was measured to be in the range of 294-295 K with standard deviation ±1.0 K. The results presented show that the radiation temperature from the metal plate is approximately the same as the ambient temperature, and therefore no parasitic signals were identified when emission from the receiver was reflected back into the system by a normal incidence metal reflector placed directly in front of the horn antenna.
Millimeter-Wave emission emitted from a fluorescent light located 5.0 cm from the horn antenna was found to increase the radiation temperature measured by the radiometer by an amount 62-74 K; a mean value of 67.5 K with a standard deviation of ±4.0 K. When the fluorescent light was located directly in the beam of the horn antenna, the radiation temperature was found to increase by an amount 80-100 K; a mean value of 84.3 K with a standard deviation of ±8.0 K. This effect was cancelled during the experimental work by turning off all the fluorescent light in the lab [2] .
METHODOLOGY OF MEASURING HUMAN SKIN EMISSIVITY
The complete system except for an opening for the subject to be measured (skin) was enclosed in an anechoic region made by surrounding the majority of the radiometer and antenna with carbon loaded absorbing foam, as illustrated in Figure 3 . This prevented radiation from external sources, be it from the outdoors or other people in the environment, getting into the system to corrupt signals. The target area of the skin was located 5.0 cm from the horn antenna of the radiometer, and the measurements were done indoors in an anechoic environment, and therefore the system response is assumed to be linear. Under these circumstances, the output voltage when measuring the liquid nitrogen and ambient temperature calibration sources can be expressed in terms of the receiver noise temperature TN in K, and the receiver responsivity, α in V/K [3] :
From Equations (1) and (2) the receiver responsivity, α, and the emissivity of the skin, η, are [3] : An infrared thermometer with an absolute measurement uncertainty of ± 1.5 o C was used to measure the thermodynamic temperatures of the skin, TS directly before and after the measurements. A digital voltmeter with a precision of 0.1 mV was used to measure the output voltage for the target area of the skin; Vs. Error propagation through Equation (4) indicates the uncertainty on the measured emissivity is ± 0.002.
RESULTS
The objective of these experiments is to study how the signature of the human skin varies between individuals, gender and locations over the frequency band 80-100 GHz. Emissivity measurements were performed on 60 healthy participants; 36 males and 24 females having a variety of ethnicities, ages, and body mass index. The measurements were made at four locations on the body and these were: 1) palm of hand, 2) back of hand, 3) dorsal surface of the forearm, and 4) volar side of the forearm. These locations were chosen due to variation in skin thickness and water content.
Male emissivity measurements
Measurements of human skin emissivity of a sample of 36 male participants are presented in Figure 4 . The measurements show variation in emissivity between individuals and locations on the arm. These variations are due to the skin thickness and blood vessels (water content) that varies from location to location across the human body and between individuals [4] . The emissivity from male sample was found to range from 0.18 ±0.002 to 0.68±0.002, with mean (µ) and standard deviation (σ) for all measurements location being 0.416 and 0.091 respectively. In general, lower values of emissivity are results of measuring particularly thin skin on the volar side and back of hand [5] , whereas higher values of emissivity are results of measuring thick skin on the dorsal surface and palm of hand [6] . The measurements indicate the differences in emissivities between thicker regions of skin (dorsal forearm and palm of hand) and thinner regions of skin (volar forearm and back of hand) are in the range from 0.068 to 0.074 with a sample standard deviation in the range of 0.032 to 0.041 respectively. These results show a clear signature for the human skin emissivity at the millimeter wave frequency band (80-100) GHz. The presented signature might be useful for identifying anomalies on the human body by comparing the measured emissivity of the subject area of the skin with the standard values of the population (mean emissivity ± standard deviation), so any value much higher or much lower than the standard values might identify anomalies.
Female emissivity measurements
Measurements of human skin emissivity in a sample of 24 female participants are presented in Figure 5 . Emissivity for the dorsal surface and palm of hand skin are higher than volar side and back of hand skin. Variation in emissivity between individuals and locations on the hand are consistent with the variations in male participants. However, female emissivity was found to be lower than that of male in the range from 0.17 ±0.002 to 0.587±0.002, with mean and standard deviation for all measurement locations being 0.383 and 0.0839 respectively. The measurements also indicate the differences in emissivity values between thicker regions of skin and thinner regions of skin are in the range from 0.0597 to 0.0679 with a sample standard deviation in the range of 0.0358 to 0.0439. 
Comparison between male and female emissivity
Experimental measurements of human skin emissivity of 36 male and 24 female healthy participants are presented in Table 1 . The measurements show that emissivities of male participants are higher than that of female participant's at all locations on the arm. This finding is consistent with the fact that male skin is thicker than that of female skin [7] . Estimating the sample mean emissivity values for the male and female participants separately indicates the difference between male and female emissivity is ~0.03. This difference is ~15 times the systematic measurement uncertainty (±0.002) indicating a significant difference in the emissivity between male and female participants. Furthermore, the measurements show that for both genders, the emissivity is higher in the locations where the skin is thick: dorsal surface of the forearm and palm of hand [6] , and it is lower in the locations where the skin is thin: volar side of the forearm and back of hand skin [5] . These measurements show strong correlation between human skin emissivity and skin thickness. 
DISCUSSION
Human skin signature over the frequency band 80-100 GHz indicate that there is a scatter in emissivity measurements over a range 0.17 to 0.68, and this is much greater than the experimental measurement uncertainty of ±0.002. Human skin emissivity measurements in Figures 4 and 5 show variations in emissivity from person to person, and at different location on the human body. Estimating the sample mean emissivity values for the 36 males and 24 females separately for all measurements locations indicates the difference between male and female emissivity is ~0.03. This finding is consistent with the skin of males being thicker than that of females [7] . Experimental measurements of the differences in the emissivity values between the palm of hand and back of hand skin, and between the dorsal and volar regions of the forearm of all 60 participants indicate that the difference in emissivity can be up to 0.074. This large difference is likely to be due to the much thicker skin on the palm of hand and dorsal area of the forearm. The presence of the blood vessels on the volar forearm and the back of hand locations make the skin more reflective, and as a result human skin emissivity decreases and this results in a significant difference in the emissivity between thinner and thicker skin regions on the body.
Skin thickness and water content are strongly dominating the level of thermal emission emitted from the human body at the millimeter-wave band, and therefore it is recommended for security screening purposes that further measurements are made on larger and more varied groups of individuals, to study how the emissivity varies overall the human body and between individuals. When this is done, expected emissivity values can be identified at each location on the human body and these values can be compared with the measured emissivity from a template ensemble of recognised responses an automated basis at security screening portals. Any deviation from the norm might identify anomalies. This will increase detection probabilities and reduce false alarm rates in the security screening of people. .
Emissivity measurements in this paper are in agreement with the emissivity measurements presented in [4] . These measurements indicate that forearm skin emissivity varies in the range of 0.17 to 0.5. This range is in agreement with the range of the measured emissivity in this paper (0.17 to 0.68). Emissivity measurements in this paper are also in agreement with the simulated emissivities of the half-space model [8] .
CONCLUSIONS
A radiometer effective over the frequency band 80-100 GHz has been investigated and characterised for measuring the human skin signature of a sample of 60 participants. The system was calibrated using liquid nitrogen and ambient temperature sources. These measurements were used to characterise self-emission and millimeter wave radiation from metal plate and fluorescent lights. The mean level of self-emission reflected back from the metal plate was typically ±1.0 K above the background. Millimeter-Wave emission emitted from fluorescent light was found to increase the radiation temperature of the radiometer in the range of 62-74 K with standard deviation of ±4.0 K.
Radiometric measurements made on a sample of 60 participants show that the emissivity of human skin varies from 0.17 to 0.68 over the 80 GHz to 100 GHz band. Measurements show that the emissivity of the skin varies with the water content and skin thickness. The measurements show that the emissivity of males is higher than that of females by ~0.03. This supports the knowledge that on average the skin of males is thicker than that of females [7] . Measurements also show the emissivity of thick layers of skin in the human body, such as the palm of the hand and the dorsal forearm was higher than those of the back of the hand and the volar forearm by about 0.0597 to 0.068 for both genders.
Research continues in this area to understand the signature of the human skin at the millimeter wave frequency band to increase detection probabilities and reduce false alarm rates, so ensuring high throughputs at entrances to future airport departure lounges.
FUTURE WORK
It is recommended that further measurements be made on larger and more varied groups of individuals overall body regions to provide statistics about the emissivity of the human skin. This might be done at a range of frequencies over the millimeter wave frequency bands, the lower frequencies offering greater penetration into under layers of clothing and down to the skin. Whereas, the higher frequencies offering higher resolution. This will lead to greater understanding of human skin signature at the MMW frequency bands and it might be useful for increasing the detection probabilities and reducing the false alarm rate at security screening portals.
